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Abstract 
Spray cooling technology relying on phase change mechanism has a notable ability to remove high heat fluxes. Particular problems 
are experienced when cooling from the high temperature, stable film boiling regime through Leidenfrost to nucleate boiling. The 
heat transfer characteristics of water spray impingement cooling of stationary flat surface was numerically investigated. Simulations 
were conducted on a highly heated plate of known dimensions and made of beryllium-copper alloy. The material is subjected to 
non-stop intensive cooling beneath a full cone spray nozzle. The only controlling parameter taken during the numerical study was 
water spray pressure. The effect of the controlling parameter on the cooling rates was critically examined during spray impingement 
cooling. The thermal investigation was achieved through the solution of heat conduction equation. Experimental data are used to 
study the influence of the dispersion function g(x, y), by varying spraying pressure from 1 bar to 4 bars, on heat transfer 
enhancement within the metal initially at the temperature of 815 °C. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICCHMT2016. 
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1. Introduction 
Spray cooling can be used to transfer a considerable energy through the latent heat of evaporation. Heat transfer 
rates much higher than can be attained in pool boiling are possible with spray cooling since the vapor can be removed 
from the surface more easily. Spray cooling is capable of removing large amounts of heat between the cooled surface 
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and the liquid, with reported heat fluxes capabilities of up to 1,000 W/cm2 for water; many previous studies have 
emphasized the effect of spray parameters and test conditions on heat flux and convection coefficient. 
Nomenclature 
cP specific heat capacity, J/(kgK) 
F  nozzle’s orifice area, m2 
g(x, y) dispersion function, mm3/(mm2s) 
gmax(0) maximum dispersion (surface centre) 
H nozzle height, m 
h heat transfer coefficient, W/(m2K) 
k thermal conductivity, W/(mK) 
p fluid pressure, Pa 
qs heat flux, W/m2 
Greek symbols 
E coefficient of volume expansion, K–1 
'Tsat boiling temperature difference (Tw–Tsat), K 
G plate thickness, m 
[ nozzle’s dimensionless characteristic 
U density, kg/m3 
V variance 
< fluid statistical parameter, kg/(m2s) 
Subscripts and superscripts 
a ambience 
lg evaporation 
ls fusion 
sat saturation 
s surface 
t time 
w wall 
An experimental hydrodynamic study resulted in interesting correlation quantifying and defining the dispersion of 
a water jet beneath liquid sprayers [1]. Besides nozzle’s geometrical characteristics, the equation obtained took into 
consideration two essential parameters, spraying pressure and nozzle height.  
A numerical simulation is performed to investigate the effect of water-spray characteristics for the removal of heat 
fluxes of the order of 300 W/cm2 during cooling of steel plates at high temperature [2]. The simulation is carried out 
with eight different sprayers, in the range of ejected fluid pressure of 1-3 bars. It was observed that for lower 
temperatures, the predicted local heat transfer coefficient increased significantly. 
Enhancement of forced convective heat transport through the use of evaporating mist flow is investigated 
analytically and by numerical simulation [3]. A two-phase mist, consisting of finely dispersed water droplets in an 
airstream, is introduced at the inlet of a longitudinally finned heat sink. The simulations indicate that significantly 
higher heat transfer coefficients are obtained with mist flows as compared to air flows, highlighting the potential for 
the use of mist flows for enhanced thermal management applications. 
Four different spray axis incident angles are tested in order to investigate the effect of the spray inclination angle 
on the heat transfer performance of rhombus- pitch shell and tube spray evaporator [4]. It is shown that the optimal 
heat transfer performance is obtained using a spray axis incident angle of 60°. 
Some numerical investigations were undertaken on the effects of spray angle on spray cooling of extruded 
aluminum alloy plate to look for an optimal range of spray angle value that can improve the cooling performance [5]. 
A commercial Fluent code was employed to calculate the temperature distribution within the cooled plate. 
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The spray cooling of stainless steel plates was studied using different orientations of the cooled surface [6]. Thick 
test plate was moved vertically or horizontally with a velocity of 3 m/s. Experiments were conducted with mist nozzles 
oriented either vertically with the spray flowing down or horizontally. It was found that the heat transfer coefficient 
is similar for horizontally and vertically down oriented nozzles within the surface temperature range of 700-900 °C. 
The heat transfer characteristics of air water spray impingement cooling of stationary steel plate was experimentally 
investigated [7]. Experiments were conducted on an electrically heated flat stationary steel plate. The controlling 
parameters taken during the experiments were air water pressure, water flow rate, nozzle tip to target distance and 
mass impingement density. The effects of the controlling parameters on the cooling rates were critically examined 
during spray impingement cooling.  
A research paper presents an evaluation of the Lagrangian-Eulerian approach for evaporative cooling provided by 
the use of a water-spray system with a hollow cone nozzle configuration [8]. This paper also presents a sensitivity 
analysis focused on the impact of the turbulence model for the continuous phase, the drag coefficient model, the 
number of particle streams for the discrete phase and the nozzle spray angle. 
The cooling of vertically moving strips is used very often to obtain the required material properties. A recent 
experimental study is realized with a testing device which allows vertical movement of a heated experimental sheet 
[9]. Two different sizes of flat jet nozzles were tested with different water pressures and angles of the water impact. 
A special single nozzle which sprays water droplets at temperature of 25 ºC was tested and the influence of the 
pressure on heat transfer was investigated during the cooling of a copper-beryllium sheet at initial temperature of 815 
°C. The main objective is to find the temperature distribution within the heated flat plate of constant thickness cooled 
down to the saturation temperature; thereafter it is possible to deduce surface heat flux and the local heat transfer 
coefficient. 
2. Description of the problem and basic equations 
UNS C17200 copper-beryllium alloy (CuBe2) commonly known as alloy 25 is manufactured to provide a 
combination of high strength and hardness properties coupled with superior thermal properties (Tab. 1). Beryllium- 
copper plate products have very low impurity levels with excellent reflection properties and a consistent, homogeneous 
fine grained micro-structure. 
The heat transfer characteristics of water-spray impingement cooling of stationary steel plate were numerically 
investigated. Simulations were conducted on a highly heated copper-beryllium flat plate of dimensions               1000 
mm u 500 mm u 50 mm. The controlling parameter taken during the simulations was water pressure (water flow rate). 
The nozzle to surface spacing was considered as fixed at 400 mm. 
Figure 1 shows the schematic of the simulated problem during cooling process with details of its parts adopted in 
this work. The forged plate at the prescribed temperature is subjected to permanent cooling till saturation temperature. 
A full cone nozzle was used to generate the dispersion; the chosen type utilizes an internal vane to provide a uniform, 
oval, full spray pattern with medium to large sized drops. To satisfy required virtual experimental conditions, we 
presume the delivery water pressure from the pump controlled by pressure regulator. The spray was set at different 
water pressures varied from 1 bar to 4 bars. 
In a previous experimental study we developed an expression that governs the spray pattern [1]. Such correlation 
is then applied in the simulation process to predict heat flux rate and convection coefficient: 
»»¼
º
««¬
ª
 22max
2
22
max
2
2
1
max )0(),(
y
i
x
i
y
y
x
x
egyxg
VV
                                                                                                              (1)        
The local impingement density g was maximum at the surface centre. Obviously gmax(0) depend on the nozzle’s 
orifice, spraying pressure, fluid density and nozzle height. The proportionality connecting these parameters was 
expressed in the form [1]: 
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Table 1. Thermophysical properties of alloy 25. 
Parameters Values 
Specific heat capacity, cP 420 
Density, U 8250 
Thermal conductivity, k 
Coefficient of volume expansion, E 
Melting temperature, Tls 
118 
16.7 u 10–6 
866 
Table 2. Variation of water dispersion with spray pressure. 
Pressure < (kg/(m2s)) gmax (mm3/(mm2s)) 
1u105 15.910 168.657 
2u105 22.500 256.166 
3u105 
4u105 
27.557 
31.820 
327.121 
389.086 
 
Basing on experimental data, statistical approaches allow us to establish the correlation: 
702.0206.1
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and [ is a specific dimensionless geometrical characteristic of the nozzle used. In our case, [ = 0.225 and the nozzle’s 
orifice section area F = 180 mm2 with an opening angle of 60°. Using equation 3, the estimation of the dispersion is 
merely achieved for the different spraying pressures (Tab. 2). 
Hence, heat transfer rate is proportional to the dispersion g(x, y) and impinging fluid pressure p: 
) ,(" pgfq                                                                                                                                                       (5) 
It was shown that heat flux in water-spray cooling can be estimated using the correlation below [1]: 
4.01.06106.4" gpq u                                                                                                                                     (6)  
3. Thermal simulation and results 
In this study the commercial software COMSOL Multiphysics 3.5 is used in which the Lagrangian approach is 
implemented to simulate the heat transfer during metal cooling using sprays and atomizers. COMSOL Multiphysics 
is a finite element analysis, solver and simulation software package for solving various physics and engineering 
applications [10]. The COMSOL Multiphysics simulation environment facilitates all steps in the modeling process, 
defining your geometry, specifying your physics, meshing, solving and then post-processing your results. There are 
several application specific modules in COMSOL Multiphysics. In this study, only heat transfer module will be 
introduced and used in order to solve the relating problem of heat transfer. 
A computational model was made of the copper-beryllium sheet with the dimensions specified in figure 2. 
Geometry and grid generation was executed resulting in a grid with 132,793 tetrahedral cells (Fig. 2) and the 
computational time step injected for all simulations was 't = 0.1 s. 
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Fig. 1. Schematization of the undertaken problem.  Fig. 2. Generated 3-D model mesh and the boundary conditions. 
Newly solidified surface of alloy 25 plate at high temperature in an ambience of 25 °C, is cooled by a sudden and 
uninterrupted water-jet beneath a full cone nozzle with oval pattern. 
The equation governing the three dimensional transient heat conduction problem is: 
°¯
°®
­
q  
 w
w
C 815)0(
,0)(
tT
Tk
t
T
cPU                  (7) 
Boundary conditions are set under Newton-Riehmann assumption as bellow, 
Faces 1, 2, 5 and 6: 
)()( awa TThTkn                     (8) 
Face 4: 
)()( lg satw TThTkn                    (9) 
Face 3, insulated boundary: 
0)(   Tkn                                (10) 
By neglecting radiation, the evaporation heat transfer coefficient hlg at the upper surface (face 4) is calculated using 
the equation: 
satw TT
q
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The convection coefficient for the plate side faces exposed to atmospheric air is given by [11]: 
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The transient heat flux )(" tq s at the top surface can be determined as follows [2]: 
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In general, equation 13 is written in finite differences form: 
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Predicting the temporal evolution of temperature, described by equation 7 of heat conduction, at the alloy surface 
(Fig. 3) and its midplane (Fig. 4) enable us to estimate the surface heat flux (Fig. 5) via the equation 14. Consequently, 
the local heat transfer coefficient (HTC) is simply deduced (Fig. 6) through the equation 11. 
Slight losses occurred by radiation because of low emissivity of beryllium-copper alloy, thus the above assumption 
of negligible radiation was plausible. 
4. Analysis and interpretations 
The time-dependent temperature at the metal surface is predicted with increasing spraying pressure from 1 to 4 bars 
(Fig. 3). The temperature curves obtained presents the same profile; we can see the pressure influence by the fast 
decrease in temperature. Parenthetically we can notice that temperature profiles for 3 and 4 bars are similar in view of 
the overlapping of their curves. Nevertheless, it is shown on the graphs that large amounts of heat could be extracted 
the first 10 seconds which is confirmed by the abrupt drop in surface temperature. 
At t = 40 s the surface temperature reaches 200 °C corresponding to the lowest pressure, at the same time lower 
temperature values are recorded for pressures 2-4 bars. From that instant, slowing in the temperature drop is 
remarkable due to the approach of water saturation temperature. Briefly, the cooling time was reduced to 45 seconds 
when moving to higher pressure, which is significant in industry. However, when curves overlap it is not necessary to 
continue increasing the pressure. In our case a pressure of 3 bars provides optimal cooling. 
In parallel we report on figure 4 the simulated temperature profiles inside a metal thickness of 25 mm which exhibits 
an exponential decrease. Although it is difficult to see the influence of the pressure on these curves, the effects of 
pressure still exist. 
In steel industry changes in the temperature gradient across the solid due to an abrupt increase or decrease in the 
heat extraction rate causes differential thermal expansion in the solidifying metal and the generation of high thermal 
stress and strain. This can ultimately lead to internal or surface defects, which can severely compromise the quality of 
the final product. 
Cooling rate increases greatly with spray water flow rate, although it is almost independent of material surface 
temperature. The rate of heat extraction is a strong function of metal surface temperature. The numerical data obtained 
concerning the rate of heat transfer has been presented to summarize the behavior of spray impingement cooling 
processes. This is shown on figures 5 and 6 as a function of temperature at the impingement point. 
Figure 5 shows that the heat flux depends strongly on the initial temperature of the surface when water is the cooling 
media, which affects the transient coevolution of the water layer and the metal surface temperature. Under transient 
conditions, the rate of heat extraction is also influenced by alloy thermal conductivity, with higher conductivity 
material producing higher maximum heat fluxes for a given flow rate and surface temperature. The critical heat flux 
(CHF), which is defined as a maximum heat flux, was reached instantaneously the first second when the hot test plate 
is directly wetted by the spraying water resulting in high heat fluxes removal through conduction, convection and 
phase change of the order of 1,200-1,700 W/cm2. 
A comparison of the heat transfer coefficients for different spraying pressures is shown in figure 6. It is evident 
that the heat transfer coefficient (HTC) increases with the increasing water pressure, an increase in the water pressure 
also causes an increase in the water impingement density. As a result, at maximum heat fluxes corresponds maximum 
heat transfer coefficients with reported values of 24-39 kW/(m2K). Obviously, this occurs at the beginning of cooling 
process when temperature difference is maximal. in fact, water droplets vaporize instantaneously to create a boundary 
layer, which prevents the water from wetting the surface. Heat extraction is higher toward the center of the 
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impingement region, where more of the high speed droplets have enough momentum to penetrate the vapor layer. The 
remaining time of cooling process, HTC is substantially constant. 
The heat transfer coefficient is influenced by many parameters such as water pressure, nozzle distance, water 
impingement density and water temperature. Indeed, for water pressure of 1 bar the stabilization of HTC begin at 
surface temperature of 500 °C, whereas this stabilization happens at 350 °C for water pressure of 4 bars. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Time-dependent surface temperature with spray pressure. Fig. 4. Time-dependent midplane temperature with spray pressure. 
 
 
 
 
 
 
 
 
 
Fig. 5. Dependence of surface heat flux on the saturation                             Fig. 6. Dependence of heat transfer coefficient on the  
                             temperature difference                        surface Temperature  
5. Conclusions and prospects 
Despite numerical aspect of the predictive study in question, previous discussions on heat transfer simulation of 
highly heated copper-beryllium plate being spray cooled by various nozzle flow rates was developed of a practical 
point of view. It is well known that such problems in heat transfer are usually characterized by a boiling curve with 
different boiling regimes. 
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The present work underscores the importance of spraying pressure and its effect on the heat transfer enhancement. 
The methodology adopted in our approach has managed to strike an acceptable balance between prediction accuracy 
and computational efficiency. 
The simulations reveal high heat removal rates uniformly over a large surface area with a high critical heat flux 
(CHF) up to 1,700 W/cm2. The spray heat transfer coefficient (HTC) varies from 9,000 W/(m2K) to 39,000 W/(m2K) 
for the sample surface temperature ranging from 100 °C to 815 °C. 
To gain confidence in the numerical methodology, it is important to validate the achieved simulation with relevant 
experimental and analytical results. The obtained graphical results have a good agreement in terms of reliability with 
Nukiyama’s boiling curve. In steel industry, the goal in each process is to match the rate of heat removal at the surface 
with the internal supply of latent and sensible heat, in order to lower the metal surface temperature monotonically 
until cooling is complete. Therefore, to control heat removal from a hot material surface, a mathematical model based 
on experimental data was established for simple and accurate determination of the time-varying heat flux based on 
polynomial approximations of surface temperature function [12].  
Finally, the performed methodology for the studied parameter could be easily applied to investigate further 
combinations of key parameters for given applications. The nozzle type and nozzle to surface spacing are two key 
parameters which could be considered and included in the present work for heat transfer improvement during spray 
cooling processes. 
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